In this study, responses of rice under drought stress correlating with changes in chemical compositions were examined. Among 20 studied rice cultivars, Q8 was the most tolerant, whereas Q2 was the most susceptible to drought. Total phenols, total flavonoids, and antioxidant activities, and their accumulation in water deficit conditions were proportional to drought resistance levels of rice. In detail, total phenols and total flavonoids in Q8 (65.3 mg gallic acid equivalent (GAE) and 37.8 mg rutin equivalent (RE) were significantly higher than Q2 (33.9 mg GAE/g and 27.4 mg RE/g, respectively) in both control and drought stress groups. Similarly, the antioxidant activities including DPPH radical scavenging, β-carotene bleaching, and lipid peroxidation inhibition in Q8 were also higher than in Q2, and markedly increased in drought stress. In general, contents of individual phenolic acids in Q8 were higher than Q2, and they were significantly increased in drought stress to much greater extents than in Q2. However, p-hydroxybenzoic acid was found uniquely in Q8 cultivars. In addition, only vanillic acid was found in water deficit stress in both drought resistant and susceptible rice, suggesting that this phenolic acid, together with p-hydroxybenzoic acid, may play a key role in drought-tolerance mechanisms of rice. The use of vanillic acid and p-hyroxybenzoic acid, and their derivatives, may be useful to protect rice production against water shortage stress.
Introduction
Drought is among one of the most serious problems confronting rice production [1] . A significant decline of rice productivity can be caused by water shortage [2] . Hence, enhancing survival ability of rice under long-day drought conditions is a crucial issue for rice scientists. Recent studies in plant physiological mechanism responses to abiotic stresses have offered new insights in improving drought tolerance of crops by searching quantitative trait loci (QTL) or candidate genes relevant to drought; however, sucessful results have been limited and unstabilized [3] . Thus, it has led to failure among crop breeders in using molecular breeding tools for breeding new crop cultivars adapted to water deficient conditions [4] .
Studies on the influence of stress signals on secondary metabolites in plants have been increasing since the middle of the 20th century [5] . Phenolic compounds such as phenolic acids and flavonoids have been found to be the most widespread substantial groups of plant secondary metabolites produced from the shikimate-phenylpropanoid biosynthetic pathway [6, 7] . These molecules have been described as markers of biotic and abiotic stress tolerance in plants [8, 9] . Various studies have searched out differences among plant species in the morpho-physiological response to adapt to adverse environmental changes. Plants exposed to salinity stress led to the decrease of shoot dry weight, root ratio and leaf area. Meanwhile, water deficit stress has been found to cause a reduction of leaf photosynthesis and evapotranspiration processes from stomatal closure, and at mild drought levels, increase root depth in the soil [10, 11] . Moreover, abiotic stress induces oxidative damage in plant cells due to increased generation of noxious reactive oxygen species (ROS) in chloroplasts [12] . Plants possess a number of phenolic compounds, and they have been proclaimed to be involved in oxidative stress caused by ROS [13, 14] . On the other hand, plants under certain stress conditions often produce a higher degree of phenolic compounds compared to non-stressed plants [15] . Markham et al. [16] reported that, in different UV-B light levels, C-glycosylflavone contents increasingly appeared in a UV-tolerant rice cultivar but were non-existent in a susceptible cultivar. Torras-Claveria et al. [6] identified 20 phenolic compounds in both watered and water deficit stressed tobacco plants, and most of these compounds were detected to increase more in water-stressed plants. Similarly, the observed enhancement of total contents of phenolics, flavonoids, and anthocyanins, and schaftosides, in response to drought in wheat leaves, were demonstrated by Ma et al. [7] . In addition, the use of exogenous phenolic compounds to strengthen drought tolerance in plants were also proved in some previous reports. Typically, rice seeds soaked in 50, 100 and 150 mg¨L´1 of salicylic acid (SA) solution for 48 h expressed better drought resistance than SA untreated seeds at the five-leaf stage [17] . Spraying of 50 µM SA or 10 mM KNO 3 on barley plants displayed an ability of good cultivation in salt (150 mM NaCl) and water deficit soil (50% SWC) conditions [10] .
In general, secondary metabolic products are ubiquitous in the plant kingdom; particularly, their intensity often presents in stress situations. The drought tolerance mechanism controlled by endogenous phenolic compounds is observed in many plants, but it differs among species [18] . In rice, some compounds, mainly phenolic acids and anthocyanins, have been detected and examined for their bioactivities in germinated stages and under normal growth status [14, 19, 20] .
In this study, changes in chemical compositions including total phenols, total flavonoids, antioxidants and individual phenolic acids in response to drought stress in rice were investigated. It also aims at searching for chemicals that play a crucial role in water deficit stress of rice, which, in turn, may help to develop bioactive reagents to help ensure rice production against drought.
Materials and Methods

Chemicals
Fifteen standard phenolic compounds (ferulic acid, p-coumaric acid, p-hydroxybenzoic acid, syringic acid, benzoic acid, protocatechuic acid, vanillin, vanillic acid, catechol, gallic acid, cinnamic acid, caffeic acid, ellagic acid, sinapic acid and chlorogenic acid) and other chemicals were at analytical grades and were purchased from Kanto Chemical Co. Inc., Tokyo, Japan.
Plant Materials and Treatment
Twenty rice (Oryza sativa L.) varieties (Table 1) were grown in a greenhouse. Firstly, the sterilized rice seeds were immersed in 54˝C water for 15 min, and soaked in 30˝C water for 48 h with 6-time washing (8 h each) with distilled water. These seeds were then germinated and cultivated in Petri dishes at room temperature (25-27˝C). After 10 days, they were transplanted to Wagner pots (height: 30 cm; diameter: 20 cm) and filled with sterilized soil (JA-ZENCHU Co., Hiroshima, Japan) in the greenhouse for four weeks under optimal conditions (28/20˝C day/night cycle, 14 h photoperiod and 80% soil moisture). During the whole period, the plantlets were irrigated daily to maintain a level of 85% soil moisture. A moisture meter SM150-HH2 (Delta-T Devices Ltd., Cambridge, UK) was used to monitor soil moisture. The seedlings were divided into two groups: control and test. In the test plants, drought stress was treated in three stages: 5 days, 10 days, and 15 days without watering. At the end of each stage, the leaf drying, rolling, withering, and recovering were examined. In the first 5 days, the moisture level was decreased from 85% to 65% and was then maintained at 85%. In the next 10 days, the soil moisture was reduced from 85% to 45% and was moistened again to 85%. In the last 15 days, the moisture capacity was reduced from 85% to 25%, and then the plants were recovered by watering for 2 days before sampling. The leaf samples were kept at´80˝C for further analysis. 
Drought Screening Procedure
The evaluation of drought resistance was following a Standard Evaluation Scale (SES) developed by the International Rice Research Institute (IRRI) [21] with several modifications (Table 2). Leaves folding (deep V-shaped) 5 Leaves cupped fully (U-shaped) 7 Two leaf margins touching (O-shaped) 9
Leaves rolled tightly 
Extraction of Phenolic Acids
Phenolic acids were extracted using a method reported previously [22] , with some modifications. Briefly, the residue from the free phenolic extraction was hydrolyzed with 100 mL of 4 M NaOH at 60˝C with continuous stirring for 4 h. The mixture was centrifuged at 5000 rpm for 10 min and was filtrated by filter papers. Afterwards, the solution was adjusted to pH 2.0 using a 37% HCl solution, and the supernatant was then extracted 3 times with ethyl acetate 99.5% in a separating funnel. After filtration, it was evaporated by a rotary evaporator at 35˝C to dryness. The dried extract was reconstituted with 99.8% methanol to a final volume of 10 mL at 1000 ppm and then stored at 4˝C prior to HPLC analysis.
Determination of Total Phenolic Contents
The amount of total phenolics was analyzed using the Folin-Ciocalteu (FC) colorimetric method described previously by Elzaawely and Tawata [23] , with some modifications. An aliquot of 0.4 mL 7.5% (w/v) Na 2 CO 3 and 0.5 mL Folin-Ciocalteu's reagent (10%) were added to 1 mL (1000 ppm) of methanol solution of different extracts. After shaking, the mixture was incubated at room temperature for 30 min. Absorption was measured at 765 nm using a spectrophotometer (DR/4000U-HACH, Colorado, USA). Total phenolic contents were expressed as gallic acid equivalents (GAE) in milligrams per gram dry weight (DW).
Determination of Total Flavonoid Contents
The total flavonoid contents were determined by a method described in Elzaawely and Tawata [24] , with some modifications. Briefly, 1 mL aluminum chloride (2% in methanol) was mixed with 1 mL of methanolic solution of different extracts (1000 ppm). After shaking, the mixture was incubated at room temperature for 15 min and then the absorption was measured at 430 nm using a spectrophotometer (DR/4000U-HACH, Colorado, USA). Total flavonoid contents were expressed as rutin equivalents (RE) in milligrams per gram dry weight (DW). 
Antioxidant Assay Using the DPPH Radical Scavenging System
The DPPH radical scavenging activity was evaluated following a method described in Elzaawely et al. [25] . One mL of each methanol solution of extract sample (25, 50, 100, and 1000 ppm) was mixed with 0.5 mL of 0.5 mM DPPH methanol solution and 1 mL of 0.1 M sodium acetate buffer (pH 5.5). After shaking, the mixture was incubated at room temperature in the dark for 30 min, and then the absorption was measured at 517 nm using a spectrophotometer (DR/4000U-HACH, Colorado, USA). In this method, methanol was used as the negative control. Radical scavenging activity was expressed as the inhibition percentage and was calculated using the formula of Son and Lewis [26] : % Radical scavenging activity " rpA control´Atest q{A control sˆ100.
A control is the absorbance of the control (test sample was replaced by methanol mixed with DPPH solution and sodium acetate buffer), and A test is the absorbance of the test sample (DPPH solution plus antioxidant). The IC 50 value is identified as the concentration of each sample required giving 50% DPPH radical scavenging activity. Therefore, lower IC 50 value indicates stronger antioxidant activity.
Antioxidant Test Using β-Carotene Bleaching Method
The β-carotene bleaching for evaluating antioxidant activity followed a method described in Elzaawely and Tawata [25] . Two mg of β-carotene were dissolved in 10 mL chloroform and then 1 mL of this solution was mixed with 20 µL linoleic acid and 200 mg Tween-40. This mixture was evaporated under vacuum conditions for 15 min, at 40˝C. Afterward, the dry extract was added with 50 mL oxygenated water and strongly shaken until obtaining an emulsion solution. One mL of the β-carotene-linoleic acid emulsion was mixed with 0.12 mL of each ethyl acetate fraction sample. Similar to the samples, an equal amount of methanol (0.12 mL) was also used for the negative controls. The tests were incubated at 50˝C, and the absorbance was measured using a spectrophotometer (DR/4000U-HACH, Colorado, USA) at 492 nm. The samples were measured at zero time at every 15 min up to 180 min. Percentage of lipid peroxidation inhibition (LPI) was calculated relying on the equation of Soares et al. [27] :
% LPI " A 1 {A 0ˆ1 00, where A 0 is the absorbance value measured at zero time for the test sample, while A 1 is the absorbance value measured at 180 min after incubation. A higher LPI% value results in better antioxidant capacity.
Identification of Phenolic Compounds
The free and bound phenolic fractions were subjected to HPLC analysis with the conditions according to Xuan et al. [28] . The HPLC (UV-2075-plus-JASCO, Tokyo, Japan) equipped with a 2998 photodiode PDA (JASCO, Tokyo, Japan), quaternary pump detectors, and a J-pak Symphonia C18 column (JASCO, Tokyo, Japan) with dimensions of 4.6ˆ250 mm, and 5 µm (silica). These purified extracts were pre-filtered using a 0.22 µm membrane filter, and an aliquot of 5 µL of sample was injected into the HPLC system. The mobile phase consisting of two solvents was 0.1% of acetic acid (solution B) and 100% methanol (solution A). The process was established as follows: Gradient B v/v solvent A: 0 to 5 min, 0 to 5%; 5 to 10 min, 5 to 20%; 10 to 20 min, 20 to 50%; 20 to 30 min, 50 to 80%; 30 to 40 min, 80 to 100%; 40 to 50 min, 100%; 50 to 60 min, 100 to 5%. The flow rate was 1 mL per min. The wavelength of ultraviolet absorption of the defector (absorbance) was at 254 nm. The phenolic constituents of each sample were identified by comparing their retention times, and the quantification was calculated by comparing samples' peak areas with those of the standards.
Statistical Analysis
The experiments were conducted in a completely randomized design with 5 replicates in each laboratory and greenhouse trial and 3 replicates in chemical analysis. The samples were analyzed with Minitab ® 16.2.3 (copyright © 2012 Minitab Inc., Philadelphia, USA) software using ANOVA (analysis of variance) with a significant difference identified at a confidence level of p = 0.05.
Results
Influence of Drought Stress on Rice Leaves
The resistance levels of the twenty studied rice cultivars were evaluated through four categories, including leaf rolling, leaf dying, and leaf withering in water deficient stress and the recovery of rice after water was provided, which consisted of different levels of 1 to 9 (Tables 2 and 3) . From the grades of drought tolerance indicated in Table 2 , the resistant levels were divided as follows: 1-3: strongly tolerant, 3-5: medium tolerant, 5-7: weakly tolerant, and 7-9: drought susceptible. For leaf rolling, drying, and withering, there were six rice cultivars at the medium tolerant level, including C22, Q1, Q4, Q8, T1, and H1, whereas only Q2 was the susceptible variety. The other fourteen rice cultivars were observed at the weakly tolerant level. However, most cultivars of the studied rice exhibited a stronger recovery of 3.0 to 5.7 grades, of which Q8 was the highest, and T7 was the lowest (Table 3) . In combination between the response of the rice cultivars under water deficient stress (leaf rolling, drying, and withering) and their recovery, Q8 was selected as the most tolerant variety, whereas Q2 was the most susceptible to drought (Figure 1 ). leaves, 9-tight rolled leaves; (2) leaf drying: 0-normal leaves, 1-top of leaves are dried lightly, 3-leaves are dried up to 1/4 of leaf length, 5-1/4-1/2 of leaves are dried, 7-more 2/3 of leaves are dried, 9-leaves are dryly died; (3) leaf withering: 1-leaves are natural green, 5-backside of leaves transfer to yellow color, 9-leaves totally transfer to yellow color; (4) recovering: 1-plants are covered from 90% to 100%, 3-plants are covered from 70% to 89%, 5-plants are covered from 40% to 69%, 7-plants are covered from 20% to 39%, 9-plants are covered from 0% to 19%. 
Effect of Water Deficit Stress on Total Phenolic and Flavonoid Contents
Changes of total phenolic contents (TPC) and total flavonoid contents (TFC) under drought stress and controls (watering condition) are shown in Figures 2 and 3 . It was found that even in the watering condition, the capacities of TPC and TFC were proportional to the drought tolerance strength of each rice cultivar. Of them, Q8 obtained significantly higher amounts of TPC and TPC than Q2 (Figures 2 and 3 ). In the water deficit stress, the quantities of TPC and TFC increased as compared to the watered condition. However, only the change of TPC in Q2 was markedly different. Findings of this experiment suggested that TPC and TFC were closely associated with the strength of rice against drought stress. 
Effects of Water Deficient Stress on Antioxidant Capacity
The DPPH radical scavenging activity of the Q8 and Q2 cultivars are shown in Figures 4 and 5 and are exhibited in IC50, the lower values indicating the stronger activity. As a result, Q8 showed stronger DPPH radical scavenging activity than Q2. Similarly, the antioxidant activities of the β-carotene bleaching method and lipid peroxidation inhibition of Q8 were also stronger than Q2 and 
The DPPH radical scavenging activity of the Q8 and Q2 cultivars are shown in Figures 4 and 5 and are exhibited in IC 50 , the lower values indicating the stronger activity. As a result, Q8 showed stronger DPPH radical scavenging activity than Q2. Similarly, the antioxidant activities of the β-carotene bleaching method and lipid peroxidation inhibition of Q8 were also stronger than Q2 and were significantly different from those of the controls ( Figure 5) . Observations of this experiment indicate that the antioxidant activities of rice were promoted in water deficient stress, and the antioxidative strength was proportional to the drought resistance levels of rice cultivars. were significantly different from those of the controls ( Figure 5 ). Observations of this experiment indicate that the antioxidant activities of rice were promoted in water deficient stress, and the antioxidative strength was proportional to the drought resistance levels of rice cultivars. 
Changes of Phenolic Components under Drought Stress
Fifteen standard phenolic acids were used to examine their presence in Q2 and Q8 cultivars in controls (watering condition) and water deficit stress. The identification and quantification of these compounds were determined by an HPLC (Figure 6 ). However, only eight constituents were detected (Table 4 ). In the controls, six phenolic acids were found, whereas in Q2 cultivar, only three phenolics were presented. In general, ferulic acid (FA), p-coumaric acid (PCA), and benzoic acid (BA), which were found in both Q8 and Q2, presented in Q8 in much greater quantities than Q2. Under water deficit stress, the amounts of these compounds extensively increased; however, the extent of them in Q8 was also much greater than Q2 (Table 4) . Vanillin and cinnamic acid were available in Q8, but they were only found in the drought susceptible Q2 cultivar in drought stress. Interestingly, vanillic acid was not detected in the controls of Q8 and Q2, but it was both found in the drought stress treatments. In addition, p-hydroxybenzoic acid was found only in Q8 in water deficit stress, suggesting that this compound may play a critical role in the defense mechanism of rice against drought (Table 4 ). 
Fifteen standard phenolic acids were used to examine their presence in Q2 and Q8 cultivars in controls (watering condition) and water deficit stress. The identification and quantification of these compounds were determined by an HPLC (Figure 6 ). However, only eight constituents were detected (Table 4 ). In the controls, six phenolic acids were found, whereas in Q2 cultivar, only three phenolics were presented. In general, ferulic acid (FA), p-coumaric acid (PCA), and benzoic acid (BA), which were found in both Q8 and Q2, presented in Q8 in much greater quantities than Q2. Under water deficit stress, the amounts of these compounds extensively increased; however, the extent of them in Q8 was also much greater than Q2 (Table 4) . Vanillin and cinnamic acid were available in Q8, but they were only found in the drought susceptible Q2 cultivar in drought stress. Interestingly, vanillic acid was not detected in the controls of Q8 and Q2, but it was both found in the drought stress treatments. In addition, p-hydroxybenzoic acid was found only in Q8 in water deficit stress, suggesting that this compound may play a critical role in the defense mechanism of rice against drought (Table 4) . 
Discussion
The processes of delayed leaf rolling and reduced leaf drying are often expressed in drought stress tolerance of rice plants under non-watered condition [29] . In addition, leaf rolling and leaf withering have also been known as response mechanisms of plants to avoid water loss caused by stomatal transpiration on the leaf surface [30] . The bioactivity of leaf phenolic molecules is considered as a signal trigger that leads to protective mechanisms against drought stress [18] . Previous studies highlighted the accumulation of phenolic acids and flavonoids as antioxidants and sunshields involved in responses of plants to drought stress and ultraviolet radiation [31] . Water stress was reported to generate cell-damaging oxidants, but it also resulted in synthesizing a large amount of flavonoids and phenolic acids in wheat leaves [7] . Sánchez-Rodríguez et al. [32] found a high increase of kaempferol and quercetin in drought-resistant tomato cultivars, while these flavonoids were reduced in drought sensitive cultivars. Some phenylpropanoid compounds were identified in maize under drought, in which p-coumaric acid and caffeic acid contents showed a build up, whereas ferulic acid quantity trended towards a lower decrease in water-stressed plants [33] .
In this research, Q8 and Q2 were used to examine the difference in chemical composition and their changes in drought stress. Total phenols, total flavonoids, and antioxidant capacity of Q8 were found to be markedly higher than Q2 in watering condition (Figures 2-5) . Their amounts and antioxidative levels were increased in drought stress. The findings indicate that total phenols, flavonoids, and antioxidant activities were closely associated with the drought resistance strength of rice. Their increases in drought stress were found proportional to drought resistance levels. However, the identification of what constituents in the flavonoid group are relevant to drought stress should be identified, as a number of individual phenolic acids of the phenol group have already been found in this study. Some investigations have also presented that there is a positive correlation between antioxidant activity and the contents of total phenolics in plants. For example, Oki et al. [34] observed that radical-scavenging ability in red-hulled and black-hulled rice depended on the concentrations of proanthocyanidins and anthocyanins, respectively. During the process of finger millet malting, the contents of phenolic acids were changed, reflecting their antioxidant capacity [35] . The high levels of flavonols, quercetin and kaempferol contents were associated with enhanced stress tolerance capacity of white clover under UV-B radiation and drought conditions [31] . In rice, kaempferol and quercetin components were also identified in rice seeds [36] . In addition, Karimi et al. [37] detected a large amount of kaempferol in rice straw that was able to scavenge free radicals. In this study, we did not find any involvement of the two compounds in response to water deficit stress, Molecular weights of kaempferol and quercetin are 286 and 302, respectively, and they are both greater than those of the detected phenolics (p-hydroxybenzoic acid: 138; cinnamic acid: 148; ferulic acid: 194; p-coumaric acid: 164, benzoic acid: 122, syringic acid: 198). In the HPLC profile, basically, kaempferol and quercetin should have retentions greater than these phenolic acids (19.82 to 29.65 min; Table 4 ). However, we could not find any trace of other compounds appearing in the HPLC profile at retention times >30 min, suggesting that kaempferol and quercetin were not involved in the drought stress of rice. It is proposed that the two compounds may be involved in other defense mechanisms of rice against abiotic stresses that need further critical elaboration.
Among fifteen phenolic acids, eight compounds were found to correlate with the drought resistance levels of Q8 and Q2 rice cultivars. However, their presence should also be examined in other rice varieties with different origins and cultivated conditions to elaborate on the actual roles of these compounds in rice. The significant increase in quantities of the phenolic acids detected in Q8 and Q2 proposed that these compounds were involved in the response of rice against water deficit stress.
Plants often synthesize a series of chemicals with various bioactivities in response to specific stresses [38] . In the shikimate pathway, a biosynthetic pathway for aromatic L-amino acid (AAs), one of the common secondary metabolic precursors is activated early in stress-induced plants [39] [40] [41] [42] . Many phenolic compound synthesis-related genes in the shikimate pathway are also induced immediately by stresses [42] . The expression of PAL genes (OsPALs) was proved prior to the accumulation of sakuranetin and phenylamide phytoalexins in UV-irradiated rice leaves [39, 42] . The in vivo biosynthesis of kaempferol and quercetin glucosides was decided by three functional genes, UGT706C1, UGT706D1 and UGT707A3 [43] . Furthermore, in higher plants, the formation of C 6 -C 1 acids by removal of a two-carbon fragment from C 6 -C 3 acids was verified to be a common route for biosynthesis of p-hydroxybenzoic acid and vanillic acid [44, 45] .
The ability to tolerate the drought stress of phenolic acids was reported to differ greatly among plant genotypes [2] . If further extracting protocols are applied, the existence of further phenolics and other secondary metabolites in Q8 and Q2 can be detected and understood. According to the response of their presence and quantities, cinnamic acid, vanillin, and vanillic acid showed a potent involvement in the drought tolerance of rice. In addition, p-hydroxybenzoic acid was found only in drought stress of the drought tolerant Q8 cultivar, suggesting that this phenolic may also play a critical role. Further assays to examine how much p-hydroxybenzoic acid, cinnamic acid, vanillin, and vanillic acid are involved in the drought resistance of rice should be conducted. In addition, the examination of derivatives including enzymes and proteins synthesizing these phenolic acids, especially p-hydroxybenzoic acid and vanillic acid, needs to be explored and their functions clarified. The data of phenolic acids' biosynthesis and metabolism may provide useful evidence for developing bioactive reagents to protect rice production against drought.
